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F O R E  WORD 

- 
This  is the final r epor t  of the work accomplished under  Contract 

NAS 5-1025 (Design Study of a La rge  Unconventional Liquid Propel lant  Rocket 

Engine and Vehicle) and consti tutes complete fulfillment of the Task  6 ( r e p o r t s )  

requirement  . 
i 

U To Lend m o r e  effective meaning to the full scope of the investigation 

originally envisioned, much data a s  weLl a s  design work generated under company 

sponsorship and other  p rograms  has  been applied and is r e f e r r e d  to  throughout 

the tex t .  

comprehensiveness  in a n  effort  of this nature within the l imitations of i t s  

In th i s  way, i t  is possible to provide far g rea t e r  achievement and 
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I. GONG LUSION 

The r e su l t s  of this  investigation show the desirabi l i ty  and feasibil i ty of 

future launch vehicles with single-stage-to-orbit  capabili ty.  

advanced engine, descr ibed l a t e r ,  makes the orb i ta l  booster  even m o r e  a t t r a c -  

t ive.  

Incorporating the 

The vehicle shown in F igure  1-1 was s ized on the b a s i s  of two-million-lb 

sea- leve l  t h rus t .  However, the concept can be applied over  a range of th rus t  . 
levels  of a t  least  two- to 24-million lb .  

engine which opera tes  at 2, 500 p s i  thrust-chamber  p r e s s u r e ,  u s e s  a staged 

combustion cycle,  and a n  altitude-compensating nozzle.  Liquid-oxygen and 

liquid-hydrogen propellants a r e  used .  

supporting th i s  conclusion, 

This  vehicle incorpora tes  a n  advanced . 

The following is a br ie f  discussion 

One of the most  important features of a n  ear th- to-orb i t  vehicle is its 

number of s tages .  

vehicle operational simplicity,  reliability, and cos t .  Also, a n  orbi ta l  booster  

would make  possible the recovery  of the en t i re  ea.rthY-to-orbit-booster system- 

using a single recovery device.  

methods considered.  F u r t h e r ,  it precludes the possibil i ty of s tages  falling 

in  populated a r e a s ,  thus 

coast  o r  the in t e r io r .  

Thus,  the orb i ta l  booster offers  improvements  in  booster  

This  gives the bes t  recovery economy of a l l  

making possible eastward launches f rom the west 

Orbi ta l  booster  development cost is  low and inherent reliabil i ty is high 

because the re  i s  only a single se t  of tanks, f r ames ,  and engines to  develop. 

Also,  compared  to multistage boosters ,  the orbi ta l  booster  has  no in-flight 

engine s t a r t s ,  no inters tage separation devices,  no inters tage r e t r o  rockets ,  

l e s s  flight instrumentation, fewer malfunction detection sys tems,  fewer ordnance 

systems, and l e s s  ground support  and checkout equipment. 

Page  1-1 
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I, Conclusion (cont . ) 

A s  mentioned previously,  the orb i ta l  boos te r  becomes  par t icu lar ly  

a t t rac t ive  when propelled by a n  engine incorporat ing ce r t a in  advanced f ea tu res .  

The  bes t  engine evolved during this  investigation is shown in  F igu re  111 C - 1  and 

is descr ibed  as  follows. 

The advanced engine has  eight th rus t  chambers ,  c i rcumferent ia l ly  located 

around the turbopump which i s  si tuated in  the center  of the engine.  

chambers  feed into a common forced-deflection nozzle through eight t rans i t ion  

nozzles giving a smooth t ransi t ion for  the supersonic  g a s e s .  Thrus t  takeout t o  

the a i r f r a m e  is provided through a cone (not shown) which a t taches  to  the engine 

a t  the main  nozzle near  the c i r c l e  where the t ransi t ion nozzles and ma in  nozzle 

join.  

f i r s t  combustor and injected radially inward through the nozzles  shown. 

These  

Thrust-vector  control  is  provided by h igh -p res su re  g a s e s  bled f r o m  the 

Page  1-2 



c 
Report  No. LRP 257, Volume 1 

'jQk~k?&&8#'&. C 0 R PO R A 7  IO N 

I, Conclusion (cont . ) 

A .  MAJOR COMPONENTS, ADVANCED ENGINE 

1 .  Cycle 

Staged combustion, fuel- r ich gas  genera tors ,  pa ra l l e l  hydrogen 

flow-through gas  genera tors ,  and thrust-chamber  coolant jacke t .  

2 .  Th rus t  Chambers  

Eight combustors ;  mixture ra t io  of 6 : l ;  chamber  p r e s s u r e  of 

2, 200 ps ia ;  hydrogen-cooled chamber  walls; al t i tude compensating, eight th roa ts ,  

single sk i r t ,  forced-deflection nozzle;  vacuum area ra t io  of 125: 1 . 

3 .  Hydrogen Turbopump 

A single inlet: two- stage, centrifugal-flow pump direct ly  

dr iven  by a two-stage,  parallel-flow gas turbine tha t , a I so  d r ives  the oxygen 

pump; pump discharge p r e s s u r e  of 4, 100 ps i a .  

4. Oxygen Turbopump 

A main-stage turbopump consisting of a single inlet, single- 

s tage,  centrifugal flow pump; low shaft speed inducer pump stage precedes  the 

main-stage turbopump; pump discharge p r e s s u r e  of 4, 100 ps i a .  

Page  1-3  
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I, A ,  Major  Components, Advanced Engine ( con t . )  

5 .  G a s  Gene ra to r s  

Eight, fuel-r ich,  side-by-side gene ra to r s ;  mixture  ra t io  of 

1 . 1 . 1 ;  chamber  p r e s s u r e  of 3 , 9 0 0  ps i a ;  f lash-over  p o r t s  between gene ra to r s  for 

ignition redundancy. 

6 .  Thrus t -  Vector Control  

Secondary gas  injection using g a s  genera tor  products  

Page  1-4 (End I A )  
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I, Conclusion (cont . ) 

B. CONC LUSIONS AFFECTING ENGINE AND VEHICLE DESIGN 

The following conclusions, affecting engine and vehicle de sign, a r e  

based upon overa l l  study r e su l t s .  

1. The cost  and reliability of a rocket vehicle a r e  heavily 

influenced by i t s  number of s tages .  

s tages  i f  inherently high specific impulse and low vehicle ine r t  p a r t s  weight can 

be  achieved.  

the g rea t e s t  p romise  for reducing costs  and increasing rel iabi l i ty .  

clusion was  substantiated by many of the findings that follow and which were  

a r r i v e d  at independently. 

It becomes m o r e  feasibke to eliminate 

Thus,  concepts offering advantages in e i ther  of these a r e a s  provide 

This  con- 

2 .  Use of multiple ra ther  than single components is not generally 

recommended for achieving low production cost ,  light weight and high rel iabi l i ty .  

The combustion chamber  and g a s  genera tors  a r e  exceptions because significant 

development cost  savings a r e  available by segmenting these  components 

3 .  Rigidly mounting the engine to the a i r f r a m e  offers  potentially 

lower s t ruc tu ra l  weights.  

4. Thrus t -vec tor  control by secondary gas  injection is  bes t .  
- 

5. Recovery of the f i r s t  stage can resu l t  in  significant savings 

Recovery of a 

' 

only i f  th i s  recovery  is  effected f r o m  a high burnout velocity. 

s ingle-s tage vehicle f r o m  orbi t  i s  bes t .  

burnout velocit ies between 12, 000 and 20, 000 f t / s e c .  

7 ,  000 f t / s e c  burnout velocity shows no advantage.  

s a r y  second-stage,  which is not recovered, is quite la rge  and expensive. 

A l s o  des i rab le  is recovery  from booster  

Recovery of boos te rs  f rom 

This  r e su l t s  because the neces-  

Page 1-5 



I, B, Conclusions Affecting Engine and Vehicle Design ( con t . )  

6 .  Two-stage vehicles a r e  super ior  to  three-s tage  vehicles for  

the escape  miss ion .  

vehicle is  b e s t .  

F o r  the orbi ta l  mission,  the single- stage oxygen/hydrogen 

7 .  Oxygen/hydrogen propel lants  a r e  b e s t .  

8 .  Rocket engine and stage hardware  production cos t s / lb  of 

th rus t  dec rease  a s  t h rus t  i s  increased  within the range of this  investigation. 

9 .  Pump-fed rockets  a r e  super ior  to  p re s su re - f ed  rocke ts  for 

booster  s tages  within the th rus t  range of th i s  investigation. 

10.  The f i r s t  stage of a two-stage launch vehicle should provide 

the g r e a t e r  portion of the miss ion  ideal  velocity.  

11. N o  significant advantage is  obtained f rom unconventional types 

of a i r f r a m e  construction i f  aluminum i s  used .  

1 2 .  Materials  such as  t i tanium and fi lament p las t ics  o r  m e t a l s  

offer some promise  for significantly reducing a i r f r a m e  s t ruc tu ra l  weights;  

however,  investigations a r e  needed to de te rmine  how to  bes t  uti l ize the high 

s t rength proper t ies  of these  m a t e r i a l s .  

Page  1-6 (End I) 
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11. RECOMMENDATIONS 

It is recommended that programs be initiated immediately to show f e a s i -  

The programs bility and obtain design data  f o r  the advanced engine descr ibed .  

required to accomplish this a r e  delineated in Volume 111, Section I11 and a r e  

summar ized  in Section I11 of this volume. 

An additional recommendation is in the a r e a  of recovery.  The desirabi l i ty  

However, of the recoverable  orb i ta l  booster  was shown during this investigation. 

because of a lack of information, l i t t le could be concluded as to the feasibi l i ty  of 

such  a scheme.  

undertaken to de te rmine  the feasibil i ty of orb i ta l  booster recovery.  

basis  of the resu l t s  acheived, engine and vehicle requi rements  can be reviewed and 

orb i ta l  booster  recovery re-evaluated. 

Therefore ,  i t  i s  recommended that a detailed investigation be 

Then on the 

Page 11-1 (End 11) 



13.1. SUMMARY 

A. GENERAL 

The overa l l  purpose of this program was to de te rmine  if  an uncon- 

ventional l iquid-chemical rocket engine and vehicle design concept could be 

developed and produced fo r  a l a rge  launch s tage of two-million-lb thrus t ,  o r  more .  

This  was to be accomplished at a significantly reduced cost  while assur ing  

increased  reliabil i ty when compared with cu r ren t  conventional engine vehicle 

designs.  

i t  was necessa ry  that combined engine-vehicle configurations be explored to fully 

evaluate the advantages offered by  the various engine concepts. 

While the p r imary  a r e a  of in te res t  was determining an engine concept, 

A design was developed that is supe r io r  to the conventional engine. 

Establ ishment  of the design c r i t e r i a  as well as the engine geometry was then 

undertaken (secondary p rogram objective). 

Liquid oxygen/liquid hydrogen and liquid oxygen/hydrocarbons pro-  

pellant combinations were  considered. 

P r o g r a m  effort was divided into the following s i x  tasks: 

1. Task  I 

Technical evaluation of various unique concepts and selection of 

the best  engine -vehicle s y s  tem. 

2. Task  2 

Evaluation of the best sys t em to de te rmine  the optimum values 

fo r  ma jo r  pa rame te r s .  

Page 111 A-1 
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111, A, Genera l  (cont. ) 

3 .  Task  3 

Delineation of feasibil i ty p rograms  required to move the bes t  

advanced sys  t e m  towards real i ty ,  

4. Task  4 

Establishment of cos t  scal ing f ac to r s  ranging to 24-million-lb 

thrus t  f o r  the advanced sys tem.  

5. Task 5 

Upper -s  tage application of the advanced sys  tem. 

6. Task 6 

Re po r t s r equi r e m  en t . 

T a s k  1 was accomplished during the f i r s t  four  months of the program.  

Individual task  The remaining tasks were  completed in the following s ix  months. 

efforts a r e  summar ized  in the following discussions I 

Page  111 A-2 (End 111 A)  
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111, S u m m a r y  (cont . )  

B. TASK 1 

1. Concepts Considered 

A l a r g e  number of vehicle and engine concepts w e r e  generated 

a t  the outset  of this investigation. 

of previously considered concepts.  

These  included or iginal  concepts and var ia t ions 

The scope of this investigation is bes t  shown by the following 

l i s t ,  which includes the m o s t  important concepts considered.  

a. Staging: Tandem, paral le l ,  par t ia l .  

b. Clustering: Complete propulsion s y s t e m s ,  subsys tem,  

components e 

C.  Propel lant  feed: P r e s s u r e ,  pump. 

d. Engine cycles:  Gas genera tor ,  s taged combustion, heated 

hydrogen bleed, heated hydrogen topping, third fluid, del ivery feed, gas  gene r a t o r  

with turbine exhaust a f te rburner .  

f .  Engine configurations : Conventional, s ingle  turbopump, 

c lus t e red  thrus t  chamber ,  plug, forced deflection. 

Page I11 B- 1 
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111, B, T a s k  1 (cont.)  

g*  Thrus  t -vector  control  methods: Gimbaled engine, j e t  

vanes,  fluid injection, thrott led combustion chamber  in mult ichambered 

configurations a 

h. P res su r i za t ion  system: S tored  gas  (heated and nonheated), 

heated propellants,  gas  g e n e r a t o r  (solid,  liquid), VaPak. 

i. Combustion chamber:  Single as opposed to multiple,  

round as against  annular.  

Nozzles: De Laval,  plug, forced deflection. j. 

k. Turbopumps: Inducers ,  s ingle  as compared  with 

clustered,  integrated turbopump sys  tem,  gear -dr iven  as opposed to d i r ec t ,  axial 

flow in relationship to  centr i fugal  flow pumps , posit ive displacement  pumps, 

j e t  pumps. 

1. Valves: Butterfly, gate,  spr ing ,  plug, ball,  r ing gate,  

pump-mounted gate. 

m. Actuation s y s  tems:  E lec t r i ca l ,  mechanical ,  hydraulic,  

pneuma tic. 

n. Turbine speed governors .  

0. A i r f r a m e  and tankage: Conventional as opposed to 

unconventional configuration, ma te r i a l s ,  c lu s t e r ,  r igid as against  gimbaled engine, 

contoured propellant l i ne r  . 

Page  I11 B-2 
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111, B, Task  1 (cont . )  

2 .  Bases  of Evaluation 

The b a s e s  established for  evaluating vehicle and component 

concepts a r e  explained in the following discussion.  

a .  Methods for  Vehicle Concept Evaluation 

Concurrently with the generation of concepts,  vehicle 

sys tem cost  and reliabil i ty investigations were  initiated t o  determine where  the 

g rea t e s t  potential f o r  improvement in rocket vehicle sys tem was to  be found. 

cost  model  was evolved to  accomplish th i s .  

revealed that t he re  i s  a g rea t  deal of fixed cost  assoc ia ted  with each stage of the 

rocket vehicle.  

development.  Therefore ,  it w a s  concluded that concepts permit t ing elimination 

of s tages ,  o r  use  of current ly  developed s tages  would resu l t  in lowest cost  vehicles .  

Obviously, the elimination of s tages  is a l so  beneficial f rom a reliabil i ty standpoint. 

A 

Examination of th i s  cost  model 

Also,  a substantial  contribution to th i s  cos t / s tage  i s  its 

( 1 )  Three  calculable fac tors  were  then evolved for ra t ing 

the  var ious vehicles that would provide a m e a s u r e  of the t r ends  previously 

mentioned. These  a r e :  

(a) Cost / lb  of payload 

(b)  Unr e l  iability 

( c )  Payload'/lb of second- stage thrus t  l eve l .  

Cos t / lb  of payload was calculated on the bas i s  of the 

cost  model  descr ibed  in Volume 2 for the orbi t  and escape  miss ion .  

t ions in these cost  comparisons a r e  detailed in the following paragraph .  

ability was est imated by the number of s tages  (a single-stage vehicle has  a n  

Other a s sump-  

Unreli-  

Page HI B-3 
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111, B, Task  1 (cont . )  

unreliabil i ty of 1 and a two-stage vehicle has  an  unreliabil i ty of 2 ) .  

of second-stage thrust  was used to ref lect  the l a rges t  vehicle that  could use  a n  

upper stage current ly  being developed, such a s  Saturn S-IV, S-IV B, o r  S-11. 

A vehicle with a high payload/lb of second-stage th rus t  can be designed for a 

higher payload without incurr ing second- stage development cos t .  

Payload/ lb  

( 2 )  It i s  recognized that relative values of cos t / l b  of 

payload a r e  influenced heavily by the assumption used .  

tions which a r e  the bas i s  of the comparisons in Task  1 a r e  a s  follows: 

Therefore ,  the a s sump-  

(a) Cost model, see  Section 111, D, Volume 2 

(b)  Missions,  orbi t ,  escape  

I C )  Number of flights, 25; 100; and 400 

(d)  Payload for a l l  vehicles i s  the s a m e .  Base  

payloads were  established for conventional two- stage oxygen/hydrogen vehicle 

using a two-million-lb thrus t  f i r s t -  stage engine I 

( e )  

( f )  

Vehicle staging for minimum cos t / l b  was 

Development cost  for s tages  other  than the 
selected.  

f i r s t  stage was not included. 

( g )  

(h)  

Product ion learning curve has  a n  857’ s lope.  

Propel lant  per formance  i s  based on shifting 

equi l ibr ium. 

( 3 )  In considering booster  recovery,  the following a s sump-  

t ions were  applied: 

(a) F l ights /boos te r ,  10 

(b )  Recovery sys tem cost ,  0 
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Report  No. LRP 257,  Volume 1 

& - ~ . - ~ *  C 01 PO R A T  I O N  

111, B, Task  1 (cont . )  

(c )  Recovery s y s t e m  weight 

- 1 Low velocity (7 ,  000 f t / s e c )  recovery  
sys t em weight = 0 

Intermediate  velocity (15, 000 f t / s e c )  
recovery  s y s t e m  weight = s tage  i n e r t  
weights 

2 - 

- 3 Recovery f r o m  orb i t  recovery s y s t e m  
weight = 0.61 s tage  jett ison weight. 
load to d e c r e a s e  by 670~ 

P a y -  

The most  cont rovers ia l  of these assumptions is the 

use  of constant payload r a the r  than constant th rus t  as the basis  f o r  determining 

cos t / l b  of payload. 

because,  fo r  a given vehicle, cos t  does not i n c r e a s e  proportionally with vehicle 

s i ze ,  while payload does.  As a resul t ,  the use  of constant th rus t  c r i t e r ion  favors  

vehicles with high payload of takeoff weight ra t ios .  

The mos t  important difference in these two bases  resu l t s  

Task  1 analyses w e r e  conducted on the basis of the 

fixed-payload cr i ter ion.  

the s a m e  vehicle types and the resu l t s  compared  (Appendix B). 

investigation were  affected to some  extent, but the basic conclusion remains  valid 

that a s ingle-s tage- to-orbi t  vehicle using oxygen/hydrogen propellants and the 

advanced engine, is best .  

The fixed-thrust  c r i t e r ion  was subsequently applied to 

Results of the 

To establ ish a base  line, against  which concepts could 

be evaluated, i t  was n e c e s s a r y  to select  a s tandard  vehicle ea r ly  in the program.  

The f a c t o r s  shown to be mos t  influential in reducing cos ts  and increas ing  rel iabi l i ty  

w e r e  incorporated in so fa r  as cu r ren t  technology permit ted.  

two-stage pump-fed oxygen/hydrogen vehicle was se lec ted  a3 the standard.  

Upon this basis, a 
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111, B, T a s k  1 (cont.) 

Upon m o r e  carefu l  ana lys i s ,  i t  was found advisable  

to i n c r e a s e  the f i r s t - s tage  idea l  velocity increment .  

use a Sa turn  S-IV B s tage  as i t s  second stage.  

improved s ingle-s tage- to-orbi t  payload capability and can be adapted to e i ther  

orb i t  o r  escape  missions.  

the bes t  conventional vehicle. 

The  resu l tan t  vehicle can 

In addition, the booster  has  

F ina l  s y s t e m  select ion is based upon compar ison  with 

Ultimate manned rat ing of all vehicles was assumed.  

The  Boeing Company and the Mar t in-Mar ie t ta  Corp.  w e r e  consulted as to what 

vehicle requirements  a r e  imposed by a manned rating. 

r e su l t s  of these  efforts. ) Safety f ac to r s  of 1. 5 w e r e  used. In addition, neu t r a l  

o r  nea r -neu t r a l  aerodynamic s tabi l i ty  will be requi red  to a s s u r e  safe  e scape  in  

the event of a vehicle control  malfunction while in the a tmosphere .  Fu l ly  loaded, 

unpressurized,  free-standing capabili ty is necessa ry .  

(See Volumes 5 and 6 f o r  

By placing the oxygen tank ahead of the hydrogen tank, 

and providing a slight flare in  the engine sk i r t ,  aerodynamic neu t r a l  s tabi l i ty  was 

attained with very  l i t t le  weight penalty. 

Volume 5. ) 

(See The  Boeing Company study r epor t ,  

b. Method f o r  Component Concept Evaluation 

As indicated,  the mos t  significant cos t  effects w e r e  foilnd 

by eliminating s tages  o r  by applying s t ages  a l r eady  developed. 

s t ages  a l so  benefits vehicle reliabil i ty.  

booster  makes  both of these  goals m o r e  eas i ly  attainable.  

r e su l t s  f r o m  both high specif ic  impulse  and low i n e r t  weight. 

El iminat ion of 

Development of high per formance  in the 

High per formance  

In general ,  the 
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111, B, Task  1 (cont . )  

concepts considered involve both weight and specific impulse changes. 

the combined effects of these changes,  vehicle payloads were  compared.  The  effect 

of specif ic  impulse and iner t  weight were thus combined s o  that d i r ec t  compar isons ,  

on the basis  of payload alone, were  used to show relat ive component concept 

ratings.  

To evaluate 

3. Concept Evaluation 

a. Vehicle Concepts 

T h e r e  a r e  six basic  vehicle comparisons that were  pe r -  

formed.  These  were  f o r  the purpose of select ing propellants and f o r  evaluating 

recovery  methods,  staging methods,  clustering, pressure- fed  boosterp and the 

best  vehicle. 

Each  of these  evaluations a r e  briefly d iscussed  as follows. 

(1)  Propellant Selection 

One-, two-, and three-s tage  vehicles using 

oxygen/hydrogen o r  0 / R P - 1  propellants,  o r  combinations of both in different 

s t ages ,  w e r e  examined. 

two-stage vehicles,  even f o r  the escape mission.  Therefore ,  they w e r e  e l im-  

inated f r o m  f u r t h e r  consideration. 

2 
Three-s tage  vehicles were  shown to be infer ior  to the 

Use of 0 / R P - 1  in  the booster was examined. This  2 
vehicle requi res  m o r e  thrus t  i n  the f i r s t  and second s tages  than the two-stage 

oxygen/hydrogen vehicle f o r  the same  payload. In addition, 0 2 / R P -  1 boosters  
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111, B, T a s k  1 (cont . )  

do not have significant s ingle-s tage- to-orbi t  payload capability. 

de l ivery  cos t  is a l so  somewhat higher f o r  vehicles using O Z / R P - l  boos te rs .  

F o r  these reasons,  these vehicles a r e  considered infer ior  to the two-stage 

oxygen/hydrogen vehicle,  

Payload 

These compar isons  a r e  shown in F igu res  I11 B- 1 and 

I11 B-2. 

( 2 )  Recovery Methods Evaluation 

The following th ree  methods of booster  recovery  

w e r e  examined: 

(a) Low velocity (bal l is t ic)  

(b)  Intermediate  velocity (winged vehicle) 

( c )  Recovery f r o m  orbi t .  

Applicable velocity ranges  f o r  each  method and 

recovery  s y s t e m  weight assumptions a r e  given in  Section 111, B, 2. 

investigation a r e  shown in F i g u r e s  111, B-3 and 111 B-4. 

these f igures  that the best  recovery  method is the s ingle-s tage- to-orbi t  vehicle. 

This resu l t s  because the en t i re  vehicle is recovered .  

Resul ts  of the 

It was concluded f r o m  

If the cos t  compar ison  is made  upon the bas i s  of 

fixed f i r s t - s t age  thrus t  r a the r  than fixed payload, none of the r ecove ry  methods 

shows significant cost  advantage over  nonrecoverable  vehicles (Appendix B). 

Page  I11 B-8 



Report  No. L R P  257, Volume 1 

111, B, T a s k  1 (cont . )  

( 3 )  Staging Methods Evaluation 

Staging methods were  reviewed to de t e rmine  if  any 

offered significant advantage ove r  tandem staging. 

tanks only, and staging of engines only were  examined. Resul ts  of this invest i -  

gation showed that no significant reduction in  cos t  o r  i nc rease  in rel iabi l i ty  could 

be expected by select ing o the r  than tandem staging. 

Parallel staging, s taging 

(4) Evaluation of Clus te r ing  

An investigation was per formed to de t e rmine  if 

s ignificant improvements  in reliabil i ty a n d / o r  cos t  w e r e  to be gained through the 

application of c luster ing.  

c lus te r ing  of small control  components. 

during detai led design and is, therefore ,  beyond the scope  of this investigation. 

The  following applications of c luster ing w e r e  investigated.  

This  evaluation was not intended f o r  the application to 

Such an evaluation is no rma l ly  made  

(a) The development of one basic "building block" 

that can  be applied to solving a multitude of payload and miss ion  requi rements .  

(b)  Avoiding problems such  as tooling l imitations 

that could occur  i f  components become v e r y  la rge .  

(c)  Achievement of low cos t  through l a r g e  quantity 

production of many small units. 

(d)  Obtaining reliabil i ty through the u s e  of m a j o r  

component redundancy. 
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111, B, Task  1 (cont . )  

The methods f o r  c luster ing a r e  numerous and 

include grouping of various numbers  of engines, propellant tanks, turbopumps 

combus tors  and different combinations of these components. Because the 

potential number  of c luster ing combinations is high, general ized approaches 

that would indicate t rends were  used in  this analysis .  

I t  was concluded as a resu l t  of this investigation 

that c luster ing,  as  d i scussed  herein,  offers no significant potential savings in 

cost  o r  increases  in  reliabil i ty,  

As indicated in Section 1112 A, 3 ,  b, ( l ) ,  significant 

benefit in lower development cos ts  was found to resu l t  f r o m  cluster ing combustion 

components. 

(5)  P r e s s u r e - F e d  Booster  

An extensive examination of the p re s sa re - f ed  booster 

concept was conducted during the six-mill ion-lb thrus t  - level engine investigation 

pr ior  to contract  initiation. 

investigation a t  the lower thrus t  level was not necessa ry .  

concepts a r e  descr ibed in Section 11, D ,  Volume 2. Design effort is summar ized  

in Appendix H. An economic comparison is a l so  shown in  Section 11, D, of 

Volume 2. 

This study was considered conclusive to the point that 

Seve ra l  p re s su re - f ed  

Payload del ivery cos t  comparisons c lear ly  showed that the pump-fed 

oxygen/hydrogen vehicle is supe r io r  to the vehicle with the pressure- fed  booster .  

Also, the pressure-fed booster has no apparent  reliabil i ty advantage over  a 

pump-fed stage.  Fu r the rmore ,  a pressure- fed  booster  alone cannot del iver  pay- 

load to orbi t .  Therefore ,  this concept was eliminated f r o m  fu r the r  consideration. 
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111, By T a s k  1 (cont . )  

(6)  Evaluation of the Bes t  Vehicle 

The best  vehicle concepts and the best  engine com-  
1 ponent concepts were  combined to provide the best  unconventional vehicle, the 

orb i ta l  booster.  This  vehicle was descr ibed in Section I of this volume. 

Evaluations of this vehicle a r e  shown in F i g u r e s  111 B-6 and 111 B-7. Note that 

significant advantages in  cos t  have been elaborated in Section I of this volume. 

b. Engine and Component Concept Evaluation 

In view of the nature  of the most  beneficial fac tor  f o r  

reducing cos t  and increas ing  reliability, as well  as the comparisons previously 

shown between oxygen/hydrogen and 0 / R P - 1  boos ters ,  the investigative scope 2 
of engine and component concepts was modified. 

p re s su re ,  which permi ts  extraction of m o r e  useful energy f r o m  the propellants,  

was increased .  Many engine cycles that m o r e  efficiently produce higher th rus t  

chamber  p r e s s u r e  were  added. Effort expended in  connection with o ther  a r e a s ,  

such  as oxygen/hydrocarbon propellants, was reduced. 

Effor ts  with high-thrus t chamber  

As shown by the vehicle analyses ,  the s ingle-s tage- to-  

orb i t  oxygen/hydrogen vehicle appears  a t t rac t ive  even if a conventional engine is 

used. 

orb i t  vehicle being supe r io r  to o ther  selections.  

ponent concepts w e r e  evaluated on the basis  of single-stage-to-orbit  payload 

capability. 

higher per formance  w e r e  eliminated. 

Significant performance improvements would resu l t  in  the s ingle-s tage- to-  

Therefore ,  engine and com-  

All  unique concepts were  then evaluated and those not contributing to 
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111, B, T a s k  1 (cont . )  

(1) F o u r  c l a s s e s  of concepts remained that showed 

promise  f o r  achieving study objectives.  These  a r e :  

f r o m  propellants 

i ne r t  pa r t s  weigh 

(a)  Augmenting propellants with air 

(b)  Extract ing m o r e  of the available energy  

( c )  Concepts result ing in  inherent ly  l ighter  s tage  

L 

(d) Concepts showing c l e a r  advantages f o r  lower 

development, production, and operat ional  cos t  without s ac r i f i ce  in performance.  

In recent  y e a r s ,  much effort  has been expended on 

the f i r s t  class of concepts. 

Cycle Engine (LACE), whose feasibi l i ty  is being intensively investigated under 

o the r  cont rac ts .  Therefore ,  detailed analyses  of a i r - b r e a t h e r s  w e r e  not con- 

s idered  to be within the scope of this study. 

placed upon the other  c l a s s e s  of concepts--those producing higher specific impulse 

by extract ion of m o r e  useful energy f r o m  the propel lants ,  those showing p romise  

fo r  reducing stage ine r t  weights, and those showing potential f o r  reducing cos t  

without sacr i f ic ing performance.  

The mos t  promising appears  to be the Liquid A i r  

As a resu l t ,  m a j o r  emphases  was 

(2) Promis ing  concepts within each  of these  remaining 

three  c l a s s e s  a r e  d iscussed  as follows: 
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A&’k&-Gdm COIPOIATION I 
111, B, T a s k  1 (cont . )  

(a) Higher Specific Impulse 

A1 t i t ud e c om p ens at in g no z z 1 e c on c e p t s , high e r 

thrus t  chamber  p r e s s u r e ,  and s e v e r a l  engine cycle concepts offer potential 

i nc reases  in available specific impulse.  

Altitude compensation permi ts  use of higher  

nozzle  a r e a  ratio,  yet i t  precludes exhaust gas  separa t ion  in the nozzle,  which 

could cause  unpredicatable thrus  t-vector changes. 

allows use  of higher nozzle a r e a  rat io  for  a given nozzle s i z e  and weight. 

cycles  that have the potential fo r  extracting m o r e  useful energy f r o m  turbine dr ive  

fluid r e su l t  in  higher efficiency and therefore ,  higher  performance engines. 

Higher chamber  p r e s s u r e  

Engine 

Results of a n  anlysis  showing potential gains 

f r o m  the use of altitude compensating nozzles,  higher than conventional chamber  

p r e s s u r e ,  and various engine cycles a r e  shown in F i g u r e  I11 B-8. 

i n c r e a s e  in  a s ingle-s tage orb i ta l  booster payload resu l t s  when the best  of these 

concepts a r e  combined. In preparing F igu re  111 B-8, the effect of increased  chamber  

p r e s s u r e  upon turbopump weight was included. 

t rac ted  f r o m  combustion gas  enthalpy when calculating specif ic  impulse f o r  the 

s taged combus tion cycle. 

Substant ia l  

Also,  turbopump work was sub-  

The advantages in higher than conventional 

chamber  p r e s s u r e  and the altitude compensating nozzle a r e  evident in F i g u r e  I11 B-8. 

Two engine cycles w e r e  found to offer substant ia l  vehicle performance inc reases  

over  the gas genera tor  cycle.  

the s taged combus tion cycle. Both eliminate the mixture  ra t io  degradation and 

substant ia l ly  reduce the specif ic  impulse degradation resul t ing f r o m  turbopump 

These  a r e  the intermit tent-del ivery feed cycle and 
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111, B, Task  1 (cont.)  

d r ive  requirements  a t  high p res su re .  

of these  cycles  are  presented in  Section 11, E of Volume 2. 

mittent-delivery feed cycle  has  the grea tes t  potential f o r  per formance  increase, 

no conclustion has been reached as to i t s  technical feasibil i ty.  

staged combustion cycle was  se lec ted  as the mos t  promising one. 

Descr ipt ions as well  as technical ana lyses  

While the in t e r -  

Therefore ,  the 

(b)  Reduced Stage Iner t  P a r t s  Weight 

The  following w e r e  examined in the s tage 

s y s t e m  to de te rmine  if l ighter  weight resul ted when they w e r e  incorporated into 

a s tage  sys t em.  

1 Nozzle types 

2 Engine configurations 

- 

- 
3 Pump inducer  

4 La rge  element  injection 

- 

- 
5 

- 6 Ai r f r ame  configurations 

Rigid engine -airf rame integration - 

7 Contoured suction l ines.  - 

T h r e e  basic nozzle -types w e r e  evaluated, 

De Laval,  forced  deflection, and plug. Methods f o r  alt i tude-compensating 

De Laval  nozzles proved to be cumbersome;  therefore ,  emphas is  was d i rec ted  

mainly towards the o ther  two. 
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111, B, T a s k  1 (cont . )  

Theoretically,  the forced-deflection and plug 

nozzles give approximately equal performance. Therefore ,  engine configuration 

was examined to de te rmine  which nozzle type would provide the l ightest  weight 

f o r  the engine. 

I11 B-9. 
deflection design offered significantly l ighter weight because hot-gas h igh-pressure  

components a r e  m o r e  compact.  

Engines using each of these nozzle types a r e  shown in  F i g u r e  

Detailed designs f o r  both of these configurations showed that the fo rced -  

A p u m p  inducer permi ts  high turbopump 

rotating speeds  and low tank p res su res ,  both contributing to low weight. 

of a l a r g e  element injector  permits  higher injection density,  thus 

of s m a l l e r  and l ighter  weight injectors.  

of pump inducers  and l a rge  element injectors is par t icu lar ly  significant in high 

chamber  p r e s s u r e  engines. 

The use 

permitt ing use 

This  weight savings accruing f r o m  the use 

As a resu l t  of design effort, i t  was found that 

a i r f r a m e  weight savings of approximately 6,  000 lb r e su l t s  i f  the engine can be 

rigidly mounted to the a i r f r ame .  To  fully evaluate this scheme,  means f o r  th rus t -  

vector  control,  o ther  than gimbaling the engine, w e r e  examined. 

method f o r  thrust-vector  control  was found to be secondary gas injection. 

incorporat ing secondary gas  injection thrust-vector  control  and rigidly attaching 

the engine to the a i r f r a m e ,  a net  gain was obtained of nea r ly  4 ,  000-lb payload for 

the s ingle-s tage vehicle. 

The  bes t  
I By 

Novel airf r a m e  approaches in both configura- 

The conventional tandem cylindrical  tank tion and ma te r i a l s  were  considered. 

configuration appears  to be mos t  suitable f o r  the engines considered. 

appeared to be no configuration offering any advantages over  the conventional- 

type even when engine irateractions were d is regarded .  

T h e r e  
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111, B, Task  1 (cont. ) 

Means f o r  achieving weight reductions 

through use of mater ia l s  o ther  than aluminum f o r  s t ruc tu re  and tankage w e r e  

then investigated. 

In all of the designs shown, aluminum with 

a strength-to-density ra t io  of 645, 000 in. was used. 

to-density ra t io  of 760, 000 in. has  frequently been considered f o r  propellant 

tanks. 

to-orbit  vehicle payload capability. 

ma te r i a l s  a r e  theoretically feasible .  

f i laments .  Theoretically,  3 ,  000, 000-in. strength-to-density ra t io  is attainable 

with these ma te r i a l s ,  A maximum weight savings of approximately 30, 000 lb  is 

available i f  this strength-to-density ra t io  is applied to the s ingle-s tage vehicle 

a i r f r a m e  iner t  weights. 

vehicle payload capability. For recoverable  vehicles,  payload inc reases  would 

be even m o r e  pronounced because in  making the s t r u c t u r e  l ighter ,  the recovery  

sys  t em a l so  becomes l ighter .  

Titanium with a s t rength-  

Use of this m a t e r i a l  would resu l t  in a 370 i n c r e a s e  in  the s ingle-s tage-  

Even higher s trength-to-density ra t io  

Amorzg these a r e  the f iberg lass  and s t ee l  

This  would resu l t  in a 5070 i n c r e a s e  in  s ingle-s tage 

The vehicle requi rement  f o r  neu t r a l  a e r o -  

dynamic stabil i ty was imposed as one of the man-ra t ing  c r i t e r i a .  

this,  the oxygen tank was  located ahead of the fue l  tank and a f l a red  engine s k i r t  

was added. As a resu l t  of locating the oxygen tank forward ,  the oxygen propel- 

To  accomplish 

lant  l ine contains approximately 13,  000 l b  of propellant. Most of this propellant 

can be used if  cavitation at the tank outlet can be avoided. To avoid cavitation, 

funnelizlg of the propellant line at the tar-k was suggested.  This  funnel section 

would be designed s o  that the propellant would i n c r e a s e  in velocity a t  a l e s s e r  

r a t e  than the increase  in the head above the propellant.  
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111, B, T a s k  1 (cont . )  

(c )  Low Cos t  

Use of s ingle  r a t h e r  than multiple components 

was general ly  recommended as a resu l t  of the c lus te r ing  study (Paragraph  111, By 
3,  a, (4)) .  In the c a s e  of combustors  and turbopumps, this was fu r the r  reviewed 

during the component investigation. Results of these s tudies  are  summar ized  as 

follows: 

Combus t o r  technology is developed la rge ly  

through experimentation because there  is no complete theory f o r  combustion. 

Injectors  up to 1.5-mill ion-lb thrus t  have been demonstrated,  but extensive 

development is required to achieve high performance.  

development will be m o r e  expensive because of the g r e a t e r  fabr icat ion and tes t ing 

cost .  

s ingle  combustors .  On the o ther  hand, turbopump technology is such  that t he re  

is an excellent theory f o r  the design of much l a r g e r  turbopumps than existing 

rocket  turbopump s i zes .  Investigations show that, f o r  l a r g e  engines , single  

turbopumps a r e  supe r io r  to c lus t e red  turbopumps. 

At higher th rus t  l eve lsB 

Development can be minimized through the use of multiple r a t h e r  than 
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111, Summary  (cont . )  

C .  TASK 2 

1 .  Gene r a1 

The objective of Task 2 was to  combine the f ea tu res  found to  be 

beneficial  during the Task  1 investigation into a n  engine-a i r f rame configuration 

and de termine  the bes t  operat ing pa -ame te r s  (i. e .  , chamber  p r e s s u r e ,  mix ture  

r a t io ,  area r a t io ,  e t c . ) .  A5 a r e su l t  of the Task  1 effor t ,  fur ther  work with the 

airframe was  not considered necessary .  The re fo re ,  Task  2 effort  was concen- 

t r a t ed  upon the engine sys t em.  

during T a s k  1 ,  were  combined snd the resul tant  engine sys t em is shown as 

Figure  I11 C-1: 

The following f e a t u r e s ,  found to  be beneficial 

a. 

b .  

C .  

d. 

e .  

f .  

g. 
h .  

Forced-deflection nozzle 

Staged combustion cycle 

Higher than conventional c.hamber p r e s s u r e  

Pump inducers  

La rge  element in jec tors  

Rigid engine-airframe integrat ion 

Thrust-vector  control  by secondary gas  injection 

Multiple disc  re te  th roa t  combustors  , single turbopump 
and single nozzle. 

2. Engine Descriptions 

The advanced engine is shown in  F igure  I11 C-1.  This  engine 

incorpora tes  eight combus to r s ,  c i rcumferent ia l ly  si tuated around the f u e l  

turbopump and the oxidizer turbopump, which are located on the vehicle cen te r -  

l ine .  

eight t ransi t ion sect ions that provide the supersonic  gases  smooth t ransi t ion 

between the c i r cu la r  th roa t  and main expansion sect ion.  

These  eight combustors  feed into a single forced-deflection nozzle through 
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111, C ,  Task  2 (cont . )  

The pumping sys tem cons is t s  of a hydrogen turbopump ( top) ,  

a n  oxygen turbopump (bot tom) , and eight g a s  genera tors  , c i rcumferent ia l ly  

located around the turbopumps to  furn ish  hot g a s  for  turbine d r ive .  Th i s  engine 

incorpora tes  a staged combustion cycle;  therefore  , the turb ines  exhaust d i rec t ly  

into the ma in  combustors .  

cen ter  portion of the engine between the t ransi t ion nozzles.  

the airframe is  provided though a t runcated conical s t r u c t u r e  which a t taches  to 

the engine a t  the main  nozzle near  the c i r c l e  where the t rans i t ion  nozzles and 

ma in  nozzle a r e  joined. 

turbine dr ive  gases  ducted, as shown, and injected radial ly  inward thyough 

small control  nozzles 

Operation of the engine is as follows. 

Ambient air for  altitude compensation e n t e r s  the 

Thrus t  takeout to 

Thrust-vector  control  i s  provided by high p r e s s u r e  

Engine specification.; a r e  shown in  Table I11 C -  1 .  

Propel lan ts  en ter  the turbopumps through the suction l ines  

shown. 

flows into the gas gene ra to r s  where  it is combusted with sufficient oxygen to 

provide gases  a t  a mixture  r a t io  of 1 . 1  fo r  turbine d r ive .  

through the turbines ,  this  gas  is ducted to the ma in  combustor  through the 

injector  manifold. 

t h rus t  chamber  cooling jacke t ,  and then into the injector  manifold where i t  i s  

mixed with the turbine exhaust gases .  

in the gas  generator i s  

ma in  injector  and burned with the g a s  mixture  injected f r o m  the injector  

manifold. 

After being pumped to approximately 4 ,100  ps ia ,  7oyo of the hydrogen 

After  passing 

The remaining 30% of the hydrogen is passed  through the 

The oxygen not mixed with the hydrogen 

injected d i rec t ly  into the ma in  combustor  through the 

Engine s t a r t ,  steady s ta te  , shutdown, and reduced th rus t  

control  a r e  provided b y  two valves  i n  each  propellant feed s y s t e m .  One pair  

of valves  controls  the flow of propellants to the g a s  gene ra to r s  while the other  

pair  of valves  controls the flow of propellants to the main  combustors  and the 

coolant jacket.  
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111, C ,  Task  2 (cont .  ) 

Thrust-vector control for  the engine i s  furnished by four 

var iable-f low,  turbine-exhaust-supplied,  secondary injection nozzles that d i r e c t  

flow into the lower s k i r t  sect ion of the ma in  forced-deflection nozzle. 

The turbopump assembly cons is t s  of a two-stage hydrogen pump 

and a s ingle-s tage oxygen pump driven by two para l le l  flow turb ines  and a n  oxygen 

pump inducer .  

The th rus t  chamber  combustors  w e r e  designed with a con- 

t rac t ion  r a t io  of 3 .7  and a charac te r i s t ic  length (L*) of 50. 

tion ratio provides a m o r e  compact  engine and the additional benefit of higher 

per formance .  

This  high con t r ac -  

The th rus t  chamber  regenera t ive  -coolant c i rcu i t  is  composed 

of molybdenum tubing one-third of the way down the main  nozzle and steel tubing 

fo r  the r ema inde r  of the nozzle. 

nea r  and at the th roa t ,  

solve the heat t r ans fe r  problem b u t  this has not been provided in  the engine 

desc r ibed  in  the previous paragraphs .  

much feasibil i ty effort  is requi red .  

In addition, the tubes are coated in  the region 

Some fi lm cooling m a y  a l so  be requi red  to completely 

It is  in  this hea t - t r ans fe r  area that  

3 .  Par am e te r S e 1 e c t i o n 

a .  Genera l  

The major  engine p a r a m e t e r s  are: 

(1) Engine mixture  r a t i o ,  6 . 0  
( 2 )  Nozzle a r e a  r a t i o ,  125 

( 3 )  Thrus t  chamber  p r e s s u r e ,  p s i a ,  2,500. 
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111, C ,  T a s k  2 (cont. ) 

These p a r a m e t e r s  w e r e  selected on  the basis of maximum 

A complete descr ipt ion of the payload to  300-nm orb i t  for  a single-stage vehicle.  

analysis  along with assumptions i s  contained i n  Section 111, A, 3 ,  of Volume 3 .  

The analysis  was divided into two phases .  Chamber p r e s s u r e  and mixture  ra t io  

w e r e  analyzed simultaneously using a nozzle a r e a  ratio establ ished by fixing the 

exi t  d iameter  equal to the vehicle d i ame te r .  

at the selected values of chamber  pressuPe and mixture  ra t io .  

Then,  nozzle a r e a  ra t io  was  analyzed 

b. Chamber P r e s s u r e  and Mixture Rat io  

The effect of chamber  p r e s s u r e  and mixture  ratio upon 

single-stage vehicle payload is  shown i n  F igu re  111 C-2. Note that maximum 

payload a p p e a r s  to occur  at a chamber  p r e s s u r e  of 3 ,450  and a mixture  ra t io  

of 6 . 9 .  Design effort for  the ma jo r  engine components was  init iated pr ior  to 

completion of this analysis  based upon a mixture  ratio of 6 . 0  and a chamber  

p r e s s u r e  of 2,500 psia .  

payload r e s u l t s  if these  p a r a m e t e r s  a r e  used. 

w e r e  not changed. 

As shown in  F igure  I11 C - 2 ,  v e r y  near ly  optimum 

There fo re ,  these p a r a m e t e r s  

4. Nozzle A r e a  Ratio 

Using the th rus t  chamber p r e s s u r e  and mix tu re  ra t io  selected 

nozzles of var ious  area ratios and contours  i n  the previously indicated analysis  

w e r e  analyzed. 

depending upon the a r e a  ra t io  at which i t  i s  te rmina ted .  

ana lys i s ,  wherein single-stage -to-orbit  payload was  shown in  relat ionship to  

the nozzle a r e a  ratio fo r  var ious  exit  half angles ,  is presented  as Figure  111 C-3.  

The highest  payload resul ts  for  a n  area rat io  of 150 and a n  exit  half-angle at 6 " .  

Each nozzle contour is charac te r ized  by different  exit half-angles 

The r e s u l t s  of this 
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111, C ,  Task  2 (cont . )  

However 

difficulty i n  nozzle cooling as nozzle surface area becomes l a r g e r .  

sur face  area i n c r e a s e s  with increasing a r e a  r a t io  and decreas ing  exit  half -a.ngle. 

The re fo re ,  a somewhat lower area rat io  and an  inc reased  exit half-angle than 

those shown to  be optimum were  selected.  

125 and exi t  half-angle of 10"  r e su l t  i n  a per formance  l o s s  of approximately 

1% payload ( F i g u r e  111 C-3) .  

t h i s  analysis  neglected wall  friction effects .  Also t h e r e  is  inc reased  

Nozzle 

The selected nozzle area ra t io  of 
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TABLE I11 C-1 

OXYGEN/HYDROGEN TWO-MILLION-lb THRUST ADVANCED ENGINE CONCEPT 
ENGINE SPECIFICATIONS 

Engine 

Ambient p r e s s u r e  (ps ia )  

Acceleration ( a / g )  

Specific impulse , instantaneous ( sec )  

Engine mixture  ra t io ,  GO/wf 

Total  engine th rus t  (lb) 

Thrus t  Chamber 

Thrus t  (lb) 

Thrus t  chamber  p r e s s u r e  , plenum total (p s i a )  

Thrus t  chamber  p r e s s u r e  , injector face (ps ia )  

Specific impulse , instantaneous ( sec) 

Thrus t  coefficient (plenum) 

Charac te r i s t ic  velocity ( f t /  sec)  

Effective exhaust velocity ( f t /  sec)  

Nozzle exit p r e s s u r e  (ps ia )  

Nozzle p r e s s u r e  r a t io ,  P C /Pe 

Total  propellant flow rate , ( l b /  sec)  

Mixture ra t io ,  +o/+f 

Fuel  flow r a t e  ( lb / sec )  

Oxidizer flow rate (lb/ sec) 

Throa t  a r e a  per  chamber ,  8 chambers  ( in .  ) 

Throat  d iameter  of each chamber  ( in . )  

Nozzle a r e a  r a t io  

Nozzle efficiency, 

Combustion efficiency, q~ 

2 

S e a  Level /Vacuum 

14 .7  

1 . 2 5  

386.5/450 

6 . 0  

2x10 /2.33x10 
6 6 

6 6 
2x10 / 2 . 3 3 ~ 1 0  

2 ,500  

2,580 

386.5/450># 

1 .665 /1 .94  

7 ,470  
12 440/14,070 

14 .7 /1 .135  

170/2 ,200  

5,175 

6 . 0  

7 39 

4,436 

60.0 

8 .74  

125 

0.965/0.974 

0.98 

* Specific impulse without the turbine in the sys tem = 388/451.5 

Table 111 C- 1 
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111, Summary  (cont. ) 

D. TASK 3 

1. Gene r a1 

The purpose of Task 3 was to outline a detailed s e r i e s  of exper i -  

mental  and analytical  p rograms to evaluate feasibi l i ty  o r  provide the technology 

needed to make the unconventional engine a reali ty.  

a.  The final unconventional engine design generated during 

Task 2 was analysed to  determine the a r e a s  wherein feasibil i ty p rograms  should 

be undertaken to provide a f i r m  bas is  for  designing new, la rge  unconventional 

Per formance  of forced -def lec tion d isc  r e t e  th roa t  
nozzle 

Operating cha rac t e r i s t i c s  of staged combustion 

Large  element injector  performance 

Heat- t ransfer  cha rac t e r i s t i c s  a t  high p r e s s  .we fo r  
oxygen /h  ydr ogen engines 

High - p r e s s u r e h yd r o g en p ump 

Staged combustion engine cycle 

Propellant valve concept 

Thrust-vector  control b y  secondary gas injection 

Staged combustion with oxidizer - r i ch  and fue l - r ich  
gas generators  

Inducer pump 

Thrust  chamber  performance a t  high press l l re  

Step-change in th rus t  fo r  single -s tage - to-orbi t  
applications. 

Page I11 D-1 



Report  No. L R P  257,  Volume 1 

&-J,?$-G&ZZd' C O R P O R A T I O N  

111, D ,  Task  3 (cont . )  

b. Examination of cu r ren t  feasibil i ty cont rac ts  show that 

some  of the indicated feasibil i ty a r e a s  a r e  undergoing adequate investigation. 

Taking this into considerat ion,  f ive gew feasibi l i ty  p rograms  were  formula ted ,  

as follows: 

( 1 )  Large - sca l e  forced-deflection th rus t  chamber  
assembly  segment  

(2) Advanced "breadboard engine" 

( 3 )  Control components evalgation 

(4) Cooling techniques fo r  h igh-pressure  oxygen/hydro- 
gen engines 

(59 Thr  us t -vec tor  controls  evaluation. 

A brief s u m m a r y  of the recommended p r o g r a m s  follows. 

2. Large-Scale  Forced-Deflection Thrus t  Chamber Assembly  
Segment 

Main p rogram objectives include: the demonstrat ion of a l a rge  

sca l e  oxygen/hydrogen forced-deflection th rus t  chamber  segment  operating a t  

2 , 5 0 0  ps ia  chamber  p r e s s u r e  using staged combustion, and obtaining data  usefcll 

in the design of l a rge ,  unconventional oxygen/hydrogen engines.  Engine opera-  

tion will be demonstrated at ra ted  and redJced  thrus t .  

be to demonstrate  th rus t -vec tor  cor-trol by secondary gas injection, and to  re-  

evaluate demonstrated design concepts on the bas i s  of p rogram results. 

Secondary objectives will 

3. "Breadboard Engine" 

The purpose of the "breadboard engice" p rogram is t o  demon- 

s t r a t e  an  engine using the staged-combustior, ergine cycle  operating a t  a selected 

chamber  p r e s s u r e ,  In additior-, the p rogram provides  continued engine design 
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111, D ,  Task  3 (cont. 1 

and analysis  to integrate all t e s t  resul ts  and new concepts into the final er,gine 

design to  be recommended a t  the end of the feasibil i ty phase of development, 

This  p rogram would be best  conducted as a follow-on to the la rge-sca le  forced-  

deflection thrus t  chamber  assembly  segment p rogram because much of the hard-  

ware  used in this program would be applicable to  the "breadboard engize" p r o -  

g ram.  

4. Controls Components Evaluation 

The controls component program includes a design and analysis  

evaluation t o  descr ibe  control requirements and specifications for  advanced engine 

sys t ems .  

of the main propellant controls for  the advanced engine design. 

It a l so  encompasses  a feasibil i ty program to demonstrate  the operation 

5. Cooling Techniques for  H igh-p res su re  Oxygen/Hydrogen Engine 

This program has as its objective the determination of the best 

cooling method for  the advanced engine. It will be accomplished as follows. 

Analytical and design investigations will be conducted to  d e t e r -  

mine applicability of var ious cooling techniques to the advanced engine thrust  

chambers .  Heat- t ransfer  data  wi l l  be es tabl ished,  as requi red ,  in labora tory  

t e s t s .  

and analysis  phase ,  will be designed, fabr ica ted ,  and tested.  

s t r a t e  the adequacy of the cooling method shown to be bes t  in the design and ana l -  

y s i s  phase.  

Hardware incorporating the cooling method shown to  be best  by the design 

This will demon- 
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111, D ,  Task 3 (cont.) 

6. Thrust-Vector  Cont.rol Evaluation 

Major objective of this  program is the evaluation of thrust,- 

vector control by secondary fluid injection for  the advanced engine. 

consis ts  of design, analysis 

The p rogram 

and tesrir,g. 

In the design and a r s l y s i s  phase ,  available tes t  data  and theory 

for  secondary fluid injection will be reviewed to de te rmine  t,he best  available d e -  

sign c r i t e r i a .  A sca le  model will be designed to obtain functional dependency of 

var iables  not investigated in prev ioJs  testing. 

duplicate conditions in the advanced engine In s o  far as pract icable .  

will be fabricated and tes ted to de te rmine  dependency of th rus t -vec tor  control 

effectiveness upon var iables  f o r  which i n s ~ l f f i c ~ e n t  data exis ts .  

t e s t  phase will be used t o  design an optimsm rkrust . .vector control sys tem for  the 

advanced engine. 

This model will be designed to  

The model 

Results f rom the 

P a g e  I11 D - 4  (End III D )  
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111, Summary  (cont . ) 

E.  TASK 4 

The objective of Task 4 was to es tabl ish f ac to r s  f o r  determining 

cos t  in relationship to th rus t  levels  for sys tems up to 24-million-lb th rus t .  

A grea t  dea l  of this effort  w a s  necessar i ly  accomplished during Task  1 with 

the establ ishment  of the cost  model for evaluating var ious concepts.  

f o r e ,  the ma jo r  portion of Task 4 was devoted to  determining the effects of 

th rus t  level upon cost  for  the advanced-type of engine.  

There-  

To accomplish this  objective the two mill ion-lb thrus t  advanced 

engine was scaled direct ly  to 24-million-lb thrus t  and designs p repa red .  The 

only exception was the selection of 16 thrust  chambers  and gas genera tors  in- 

s tead of eight so that t h rus t  chamber  testing could be accomplished using 

existing faci l i t ies .  Development and production c o s t s ,  along with faci l i t ies  

c o s t s ,  were  then es t imated  for both the two-million- and 24-mill ion-lb thrus t  

engines.  Scaling fac tors  were  evolved f rom this da ta .  

Costs a r e  mos t  conveniently scaled by means  of log-log plots of 

the cos t  da ta .  

of the genera l  equation: 

Therefore ,  each scaling factor is presented  a s  the exponent 

c = A ( M ) ~  

where C = c o s t ,  dol lars  

A = constant 

M = independent var iable  

b = cost  scaling factor  
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111, Summary (cont. ) 

The est imated cost  scaling f a c t o r ,  b ,  along with the independent va r i ab le ,  M ,  

for  each i tem in the cos t  model  a r e  presented  in Table I11 E-1 .  

Results of the Task 4 effort  showed that l a r g e  turbopumps can be 

developed and a r e  super ior  to c lus te red  turbopumps with r e spec t  to both 

cost  and reliabil i ty.  

evolved during Task 1 was reaff i rmed a t  the 24-mill ion-lb thrus t  level .  

Also,  the use  of c lus te red  complete engines i s  unnecessary  at the 24-mill ion-lb 

th rus t  level.  

Thus,  the basic  philosophy of using single turbopumps 
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TABLE I11 E-1  

COST SCALING FACTORS 

Engine development (Engineering ~ Test  ~ 

Fabr ica t ion ,  and R and D Tooling) 

Propel lan ts  required for  engine development 

Faci l i ty  cos t  

Engine GSE 

Engine production tooling 

Ai r f r ame  development 

Engine production 

Engine acceptance testing 

A i r  f r a m e  product ion 

Stage t ransportat ion 

Stage launch operation 

Range t ime  

Propel lan ts  for  engine cal ibrat ion,  
s tage acceptance t e s t s ,  and 
fl ight 

Independent 
Variable 

Thrus t  

Thrus t  

Thrus t  

Thrus t  

Thrus t  

Thrus t  

Thrus t  

Thrus t  

Tankage Volume 

Tankage Volume 

Thrus t  

( C o s t  i s  Inde- 
-pendent of Size) 

Thrus t  

S c. a l in  g 
Fac tor  b 

0 .37  

0.52 

0 .64  

0 .20  

0.20 

0 .22  

0 . 7 4  

0 .34  

0 .45  

0.17 

0 .14  

- 

1 . 0  
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111, Summary  (cont . ) 

F. TASK 5 

The objective of Task 5 was to investigate the feasibil i ty of the 

This objective w a s  kept in advanced engine fo r  second-stage applications.  

mind throughout the Task 2 design study so that the resul tant  engine i s  ent i re ly  

suitable without modification f o r  upper - stage application, 
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IV. FISCAL REPORT 

Figure IV-1 i s  the complete program s u m m a r y ,  showing est imated 

expenditures in re la t ionship to actual expenditures 

Total budgeted manhours  for Task 1 

Total budgeted manhours  for Tasks 2 to 6 

Total manhours  expended 

10,310 

5 2 459 

15, ,769 

Total budgeted dol la rs  for  Task 1 95,926 

Total budgeted dol la rs  for  a i r f r ame  subcontract 1 8 , 2 7 1  
(The Boeing, Company) 

Total budgeted dol la rs  for  Tasks 2 to 6>8 53 204 

Total budgeted dollars 167,401 

Total do l l a r s  committed for  final r epor t  
and final presentation 23,599 

Total do l la rs  expended 191,000 

* 
Excluding Task 6 cu r ren t  commitments.  

Page  IV-1 (End IV) 



R e p o r t  No. L R P  257, Vo lume  1 

1 
i 

EXPEND1 TURES - THOVSANDS OF DOLLARS 

LL 

ir---- 

U 

LL 
f 

0 
Y) 

I 
0 I I I-- - . 

--- 
e 
a 
I 

F i g u r e  IV-1 


